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Abstract: By considering the magnetic field response of the QGP medium, we make a systematically study of
the chiral magnetic effect, and compare it with the experimental results for the background-subtracted correlator H
from RHIC beam energy scan (BES) to LHC energies. The results show that there exists a clear non-zero chiral
magnetic effect signal from RHIC BES to top RHIC energy, and there is almost no chiral magnetic signal in the LHC
energy. And then, we also systematically study the chiral electromagnetic current from RHIC BES to LHC energies.
The dependence of time-integrated current signal on the center-of-mass energy
√
s is given. We find that the time-
integrated current signal reaches the maximum in the area of
√
s≈ 30 GeV, then decreases with the increase of √s.
The qualitative trends of induced electromagnetic current with collision energies are in agreement with experimental
results from RHIC BES to LHC energies analysis results for a wide range of beam energy.
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1 Introduction
The chirality imbalance should have experimental
consequences if put in a strong enough magnetic field
( ~B), whose magnitude on the order of eB ∼ m2π [1–7]
(mπ is the pion mass). The lowest Landau level energy
eB
2mq
∼ 1GeV is much larger than the typical transverse
momentum of the quarks, so that the quarks and an-
tiquarks are all restricted in the lowest Landau level.
The quark spins are locked either parallel or anti-parallel
to the magnetic field direction, depending on the quark
charge. This would lead to charge separation in the final
state and an electromagnetic current along the direction
of the magnetic field [8–11]. Such a charge separation
phenomenon and an electromagnetic current are called
the chiral magnetic effect (CME) [12–17].
Although there exists an obvious background con-
tamination, signals of charge separation were ob-
served based on data from the STAR[18–20] and
PHENIX [21]experimental groups of RHIC and ALICE
[22]experimental groups of LHC in relativistic heavy ion
collision experiments. The data obtained by Beam En-
ergy Scan (BES) [23] of STAR experimental group fur-
ther demonstrated the existence of this signal of CME
by introducing a new background subtraction method.
It was observed that the CME was more obvious when
the collision energy was between 19.6 and 62.4 GeV[23].
A new phase of energy scan experiment will be expanded
during 2020, which will further open up more experimen-
tal contents for more accurate study of CME.
It has been proposed that if P and CP-violating pro-
cesses occur in the quark gluon plasma (QGP) generated
in relativistic heavy-ion collisions, then positive charges
will separate from negative charges along the direction
of angular momentum of the collision. The directional
movement of positive and negative charges under the ac-
tion of magnetic field will produce an electromagnetic
current, which is a particularly interesting phenomenon
coming from the interplay of quantum anomaly with
magnetic field. The electromagnetic current introduced
by the chirality imbalance along an external magnetic
field is as ~J = σ ~B, where σ = e2µ5/(2π
2) is the chiral
magnetic conductivity with the chiral chemical potential
µ5.
In this paper, we precisely aim to address three press-
ing issues: 1) the time evolution of the strong magnetic
field, which is the necessary driving force for CME; 2)
charge separation under the interplay of magnetic field;
and 3) the dynamical generation of chiral magnetic cur-
rent in response to time-dependent magnetic field. In
order to make progress and gain valuable insights on
these problems, we chose a simplified model approach
and were able to obtain very interesting results. For
the electromagnetic current study, we consider the finite
frequency response of CME to a time-varying magnetic
field, find significant impact from QGP medium feed-
back, and investigate the generated electromagnetic cur-
rent as a function of beam energy from RHIC BES to
1)E-mail: fengsq@ctgu.edu.cn
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LHC energies.
This paper is organized as follows: the time evolution
of the magnetic field in relativistic heavy-ion collisions is
presented in sect. 2. The charge separations from RHIC
BES to LHC energies are studied in sect.3. In sect.4,
we utilize the Kubo formula to computer the electro-
magnetic current in the RHIC BES program to the top
RHIC and 2.76 TeV LHC energies. The conclusions are
summarized in sect.5.
2 The magnetic field with the response
of QGP medium
One of the main issues in focusing the CME is the
time evolution of the magnetic field in relativistic heavy-
ion collisions. This issue has been investigated in many
works[1–8], whose studies announced that an enormous
magnetic field (B∼ 1015T) can be generated at the very
beginning of the collisions. However, according to these
researches, the strength of the magnetic field decreases
rapidly with time. The higher the collision energy is,
the faster the magnetic field decreases with time. Such a
short duration time of magnetic field leads to a challenge
for the manifestation of the CME in relativistic heavy-
ion collisions. Nevertheless, it was suggested that [7, 15]
the calculation of the magnetic field in the vacuum is
appropriate only in the early stage of the collision, and
the magnetic response from the QGP medium should be
considered after the formation of QGP.
Tuchin studied [24] the magnetic field feature in QGP
medium, and suggested that the magnetic field was al-
most constant during the entire plasma lifetime due to
high electric conductivity. Later, magnetic conductiv-
ity of QGP medium was quantitatively studied in many
works [25–29]. To analyse this problem, one needs to
take into account the electric conductivity σ and chi-
ral magnetic conductivity σχ which is introduced by the
CME.
In Refs.[7, 15], we considered the magnetic field space
time evolution in QGP medium. One finds that only the
y component of the magnetic field of the central point of
the two-nuclei collision remains, and the magnetic field
is given as following
By (t≥ t0,0)= t0
t
e
−
c2s
2a2x
(t2−t20)B0y(0). (1)
where t0 is the formation time of partons, B
0
y(0) is the
initial state magnetic field at t = t0 of the central point
(~r=0), cs is the speed of sound and ax is the root-mean-
square of the transverse entropy distribution. Here, we
give c2s ∼ 1/3 and ax ∼ 3 . The formation time t0 has
been given as [7, 15]
t0≃ 1/Qs, (2)
where Qs is the saturation momentum, which is given as
Q2S ∼A1/3x−̟, x=QS/
√
s, (3)
where A is the number of atoms of the colliding nucleus,
̟ is a parameter between 0.25 and 0.3 (̟ = 0.3 in the
paper). Then the saturation momentum with different
nuclei and center-of-mass energy can be given by
Q2s(
√
s,b,A) =
(
A
197
) 2
3(2+̟)
(√
s
130
) 2̟
(2+̟)
×Q2s(
√
s=130GeV,b,A=197) (4)
where Q2s(
√
s = 130GeV, b,A = 197) was given by Ref.
[30]. The detailed calculated results of t0 and B
0
y(0) with
two different centralities from RHIC BES to LHC ener-
gies are given in Table 1.
Table 1. The detailed calculated results of t0 and
B
0
y(0) with two different centralities from RHIC
BES to LHC energies.
√
s(GeV)
centrality: 10%−30% centrality: 30%−60%
t0(fm) eB0y
(
MeV 2
)
t0(fm) eB0y
(
MeV 2
)
11.5 0.209 4275.0 0.260 6214.4
19.6 0.195 6407.1 0.242 8045.0
27 0.187 7616.7 0.232 8687.4
39 0.178 8569.5 0.221 8753.0
62.4 0.168 8481.6 0.208 7653.7
200 0.144 3980.8 0.179 2766.2
2760 0.102 579.3 0.126 156.1
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Fig. 1. (color online) Time evolutions of magnetic field with two different centralities for Au-Au collisions with
√
s
= 11.5. 19.6, 27, 39, 62.4, 200 GeV, and Pb-Pb collisions at
√
s = 2760 GeV, respectively. The solid line and
dashed line represent the results with and without considering the QGP medium, respectively.
The time evolutions of magnetic field in the RHIC
BES program to the top RHIC and 2.76 TeV LHC ener-
gies with two different centralities are plotted in Fig. 1.
The magnetic fields in vacuum at different energies are
also plotted for comparison. Recently RHIC STAR col-
laboration [23] present the results of the beam-energy de-
pendence of the charge correlations in Au-Au collisions
at midrapidity for center-of-mass energies of 7.7, 11.5,
19.6, 27, 39, and 62.4 GeV. It was observed [23] that
the signal gradually reduced with decreased beam en-
ergy and tended to vanish by 7.7 GeV after background
subtraction. This suggested the dominance of hadronic
interactions over partonic ones at lower collision energies.
Therefore, the chiral magnetic effect is analyzed starting
from the collision energy
√
s=11.5 GeV in the article.
Compared with the magnetic field in the vacuum, the
lifetime of the magnetic field will become longer when the
QGPmedium response is considered. The strength of the
magnetic field decreases rapidly with time, the higher the
collision energy is, the faster the magnetic field decreases
with time. Compared with that in RHIC region, the ini-
tial magnetic field (at t = 0) in LHC region is much
larger, but the magnetic field decreases much faster with
time both in vacuum and with QGP response. It is found
that the magnetic fields with QGP response lasts longer
in this RHIC BES 27 - 62.4 GeV energy region.
3 Charge Separation from RHIC BES to
LHC Energies
In this section, we firstly introduce the KMW model
[8], and then give a detailed analysis of the CME from
RHIC BES to LHC energies in relativistic heavy-ion col-
lisions.
The potential transition with non-zero winding num-
ber QW passes through a barrier associated with QCD
which exceeds the strong coupling constant αs. The tran-
sition can be implemented through an instanton [31, 32]
or sphaleron [33, 34]. At low temperature, the transition
is mainly achieved by quantum tunneling effect, which is
exponentially depressed by a transition called instanton.
The transition, at high temperatures, is not forbidden
and can be achieved by a transition called sphalerons.
This may occur in the background of extremely high tem-
perature quark gluon plasma (QGP). Thus, it supplies
the choice to produce chirality. On the other hand, the
discovery of CME in relativistic heavy ion collisions also
implies the generation of QGP.
The transition rate for the QCD was given by KMW
model in Ref. [8] as follows:
dN±t
d3xdt
≡Γ±∼ 192.8α5ST 4, (5)
where the superscript ± defines the transition of QW =
±1. The total transition rate is the sum of the rates of
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the ascending and descending transitions
dNt
d3xdt
=
∑
±
dN±t
d3xdt
. (6)
In the case of a suitable magnetic field with large
temperature T and non-zero winding number QW , the
charge separation given in Ref. [8] is as follows:
Q≈ 2Qw
∑
f
|qf |γ (2 |qfΦ|) (7)
where
γ(x)=
{
x, for x≤ 1,
1, for x≥ 1, (8)
and Φ= eBρ2 is the magnitude of magnetic flux.
If we defineN±a andN
±
b as the total positive/negative
charge in units of e above (a) and below (b) the reaction
plane, respectively. ∆± = N
±
a −N±b is the difference in
charge between each side of the reaction plane. A charge
difference will be generated locally when there is a tran-
sition from one vacuum to another. If the quarks may
experience many interactions in the QGP, this will sup-
press the degree of the final observed charge separation.
A suppression function
ξ± (x⊥) = exp(−|y±(x)−y|/λ) (9)
is introduced to depict nuclear screening, where y±(x) is
the upper and lower y coordinate of the overlap region
and λ is the screening length. The expectation value of
the change of the ∆+ and ∆− due to a transition is ei-
ther positive or negative with equal probability, which is
given by
±
∑
f
|qf |γ (2 |qfΦ|)ξ± (x⊥) , (10)
where only the most probable transitions (QW =±1)
were considered.
One can calculate the variation of ∆± by assuming
that all transitions occur independently from each other.
By using Eq. (5) and ρ∼
(
Γ±
αs
)− 1
4 ∼ 1/(αsT ), the 〈∆2±〉
and 〈∆+∆−〉 were calculated for small magnetic fields
(2 |qfeB| ≤ 1/ρ2) as follows:
〈∆2
±
〉= 1
2
∫ tf
ti
dt
∫
V
d3x
∫
dρ
dNt
d3xdtdρ
× [ξ−(x⊥)2+ξ+(x⊥)2]
[∑
f
|qf |γ(2|qfeB|ρ2)
]2
,
(11)
and
〈∆+∆−〉=−
∫ tf
ti
dt
∫
V
d3x
∫
dρ
dNt
d3xdtdρ
×ξ−(x⊥)ξ+(x⊥)
[∑
f
|qf |γ(2|qfeB|ρ2)
]2
. (12)
They are given by per unit rapidity as
d〈∆2
±
〉
dη
=2καS
[∑
f
q2f
]2∫
V⊥
d2x⊥
× [ξ−(x⊥)2+ξ+(x⊥)2]
∫ τf
τi
dτ τ [eB(τ,η,x⊥)]
2,
(13)
d〈∆+∆−〉
dη
=−4καS
[∑
f
q2f
]2∫
V⊥
d2x⊥
×ξ+(x⊥)ξ−(x⊥)
∫ τf
τi
dτ τ [eB(τ,η,x⊥)]
2,
(14)
where the space-time rapidity η= 1
2
log[(t+z)/t−z] and
the proper time τ = (t2−z2)1/2 . The overlap region V⊥
of the volume integral is over in the transverse plane.
The magnetic field should not alter the transition rate
dramatically. There is also a constant κ for which the
order of magnitude should be one, but with large uncer-
tainties [8]. Since the magnetic field is a function of the
rapidity η, one can computer the
〈
∆2
±
〉
and 〈∆+∆−〉 as
〈∆2
±
〉=2καS
[∑
f
q2f
]2∫
V⊥
d2x⊥
× [ξ−(x⊥)2+ξ+(x⊥)2]
∫ τf
τi
dηdτ τ [eB(τ,η,x⊥)]
2,
(15)
〈∆+∆−〉=−4καS
[∑
f
q2f
]2∫
V⊥
d2x⊥
×ξ+(x⊥)ξ−(x⊥)
∫ τf
τi
dηdτ τ [eB(τ,η,x⊥)]
2.
(16)〈
∆2
±
〉
and 〈∆+∆−〉 are connected to the correlators
a++ (a+−) by:
a++= a−−=
1
N 2+
π2
16
〈
∆2
±
〉
, (17)
a+−= a−+=
1
N+N−
π2
16
〈∆+∆−〉 , (18)
where N± is the total number of positively or negatively
charged particles in the corresponding η interval.
The early explorations of charge separation fluctu-
ations perpendicular to the reaction plane in high en-
ergy physics experiments were to utilize a three-point
correlator γ ≡ 〈〈cos(φα+φβ−2ΨRP)〉〉, where the dou-
ble averaging is done over all particles in an event and
over all events [18, 19, 22]. Unfortunately, the γ cor-
relator includes some background contributions not re-
lated to the CME [35–37]. The background contribution
4
is mainly from the elliptic flow (v2) in combination with
the two-particle correlations. The two-particle correlator
δ≡〈cos(φα−φβ)〉 is introduced to solve this problem.
By inducing H and F as the CME and no CME back-
ground contribution, one can express γ and δ in the fol-
lowing ways [36, 37].
γ≡〈cos(φ1+φ2−2ΨRP )〉= kv2F −H (19)
δ≡〈cos(φ1−φ2)〉=F +H (20)
The H factor related to chiral magnetic signal can be
obtained as follows:
Hk=(kv2δ−γ)/(1+kv2) (21)
where coefficient κ ranges from 1 to 2 owing to
the finite detector acceptance and theoretical uncertain-
ties [36, 37], and we take the experimental results with
κ = 1.5 in the article. A one-to-one correspondence is
formed between the charge separation a++ (a+−) of the
KWM model and experimental result HSS (HOS). There-
fore, the calculated result a++− a+− can be compared
with the experimental result HSS−HOS. The results are
shown in Fig. 2.
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Fig. 2. Comparison between the centrality dependence of a++ − a+− estimated with the KMW model and the
background-subtracted experiment observable HSS−HOS from RHIC BES to LHC energies[23].
It can be seen from Fig. 2 that the model explains the
experimental data better at RHIC BES to the top RHIC
energies than at LHC energy. For Au-Au collisions from
RHIC BES to the top RHIC, the CME signal of our
theory calculation increases from central to peripheral
collisions, the general trend of our theory calculation is
consistent with experimental results. But for LHC Pb-
Pb collisions at
√
s=2760 GeV, the experimental CME
signal [22] is very small, only a little signal exists at the
centrality of 60%− 70%. Our model predicts no CME
signal for LHC Pb-Pb collisions at
√
s=2760 GeV.
Fig. 3 shows HSS−HOS as a function of beam energy
for two centrality bins from RHIC BES to LHC energies.
The experimental results with κ=1.5 from Ref. [23] are
used as our experimental data to serve as a reference for
our theoretical calculation. A nonzero charge-separation
effect with a weak energy dependence from 19.6 GeV to
200 GeV collision energies is observed in Fig. 3. A fast
decreasing trend in the interval from 19.6 GeV to 7.7
GeV is shown, which suggests that the probable domi-
nation of hadronic interactions over partonic ones at low
beam energies. We predict that CME signals are diffi-
cult to generate from top RHIC
√
s= 200 GeV to LHC√
s=2760 GeV, because the magnetic field decreases too
fast with time in the higher LHC energy region.
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Fig. 3. HSS −HOS as a function of beam energy
for two centrality bins from RHIC BES to LHC
energies. The solid curves are our calculated re-
sults. The experimental results were provided by
Ref.[23] with κ=1.5.
4 Chiral magnetic current
Let us study the induced chiral magnetic current gen-
erated by a magnetic field from RHIC BES to LHC en-
ergies in relativistic heavy-ion collisions. If one assumes
that the generated magnetic field is a homogeneous dis-
tribution, the induced current [15, 17] can be given as:
j(t)=
∫
∞
0
dw
π
[
σ′χ(ω)cos(ωt)+σ
′′
χ(ω)sin(ωt)
]
B˜(ω),
(22)
where
B˜(ω)=
∫
∞
t0
dteiωtB(t) (23)
is the Fourier transform of the magnetic field. The
real part σ′χ(ω) and imaginary part σ
′′
χ(ω) of the chiral
magnetic conductivity are related to each other by the
Kramers-Kroning relation
σ′χ(ω)=
1
π
P
∫
∞
−∞
dq0
σ′′χ (q0)
q0−ω , (24)
σ′′χ(ω)=−
1
π
P
∫
∞
−∞
dq0
σ′χ (q0)
q0−ω , (25)
where σχ(ω) = lim~p→0σχ (p0=ω,~p). The symbol P in
eqs. (24) and (25) defines the integral of singularity via
the upper and the lower complex plane. The chiral mag-
netic conductivity should be complex
σχ(p)= σ
′
χ(p)+ iσ
′′
χ(p), (26)
where both σ′χ(p) and σ
′′
χ(p) are real functions. They can
be given as:
σ′χ(p)=
1
pi
ImGiR(p), (27)
σ′′χ(p)=−
1
pi
ReGiR(p), (28)
where GiR(p) =
1
2
εijkΠ˜jkR (p) is the retarded correlator.
They can be calculated as
GiR(p)=
ie2
16π2
pi
p
p2−p20
p2
∫
∞
0
dqf(q)
∑
t=±
(2q+ tp0)
× log
[
(p0+ iε+ tq)
2−(q+p)2
(p0+ iε+ tq)
2−(q−p)2
]
,
(29)
where
f(q)=
∑
s=±
s [n(q−µs)−n(q+µs)] , (30)
and n˜(x) = [1+exp(βx)]−1 the Fermi-Dirac distribution
function. One can computer the imaginary part of the
logarithm in Eq. (29) along with p= |~p| ≥ 0 and q≥ 0 as
Im
∑
t=±
(2q+ tp0) log
(p0+ iε+ tq)
2−(q+p)2
(p0+ iε+ tq)
2−(q−p)2 =
π [2q−|p0|θ (p20−p2)] [θ (q+−q)−θ (q−−q)]
+πp0θ (p
2−p20) [θ (q−q+)−θ (q−q−)] , (31)
where q±=
1
2
|p0±p|.
After computing the real and imaginary parts of the
magnetic conductivity, we will use Eq. (22) to calculate
the electromagnetic current. In order to calculate the
electromagnetic current by Eqs. (22) and (23), we should
study the dependence of the magnetic field on time after
the formation of the parton. The formula of magnetic
field evolution with time when t≥ t0 is given by Eq. (1).
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Fig. 4. Time dependence of the induced electromagnetic current normalized to zero frequency chiral magnetic
conductivity (σ0). The results are plotted with different collision energies from RHIC BES to LHC energies. The
solid curve represents the result of considering the QGP response, and the dashed curve represents the result in
the vacuum. The centrality is given by 10%∼ 30%.
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Fig. 5. Same as Fig.4, but the centrality is for 30%∼ 60%.
Fig. 4 shows the time dependence of the induced elec-
tromagnetic current normalized to zero frequency chiral
magnetic conductivity
(
σ0≡ σχ(ω=0)= e22π2µ5
)
. The
zero frequency limit σ0 is independent of chemical po-
tential µ and temperature T . The results are given with
different collision energies from RHIC BES to LHC ener-
gies. The solid curve represents the result of considering
7
the QGP response, and the dashed curve represents the
result in the vacuum.
The results of two centralities by 10% ∼ 30% and
30% ∼ 60% are given by Fig. 4 and 5. It is found that
the electromagnetic current signal manifests as a strong
pulse signal, and reaches its maximum value at t∼ 1fm.
The maximum value of the electromagnetic current sig-
nal can directly reflect the intensity of the induced elec-
tromagnetic current. The maximum value of the elec-
tromagnetic current increases with the collision energy
from
√
s=19.6GeV to
√
s=39GeV, then decreases with
collision energy from
√
s = 39GeV to
√
s = 2760GeV.
The intensity of the induced electromagnetic current by
considering the QGP response is obviously larger than
that in the vacuum. Figs. 4 and 5 both suggest that the
CME signal almost vanish at LHC
√
s=2760GeV.
Fig. 6. The dependence of the time-integrated cur-
rent signal
(
Q=
∫
j(t)dt
)
on the center of mass
energy for Au-Au collisions and with Pb - Pb colli-
sions with centralities 10% ∼ 30 % (a) and 30% ∼
60% (b), respectively. The solid line corresponds
the result of considering the QGP response, and
the dashed line corresponds the result in the vac-
uum.
The dependences of the time-integrated current sig-
nal
(
Q=
∫
j(t)dt
)
on the center-of-mass energy are
shown with two centralities in Fig. 6(a, b). We find that
the time-integrated current signal reaches the maximum
in the area of
√
s≈ 30 GeV, then decreases with the in-
crease of
√
s. The relation of the time integrated current
with the energy change is consistent with the maximum
electromagnetic current with the collision energy. The
qualitative trends of Figs. 4, 5 and 6 are in agreement
with from RHIC BES to LHC energies analysis results
for a wide range of beam energy [23], which are based
on the two-component decomposition method given by
Refs. [36, 37].
5 Summary
It is argued that nonzero chirality by gluon configura-
tions with nonzero topological charge can be generated
in a quark gluon plasma. An electromagnetic current
and charge separation could be generated along the field
by nonzero chirality in the presence of a strong magnetic
field. This is the CME which can potentially lead to ob-
servable effects in relativistic heavy-ion collisions. It is
worth studying the CME in a time-dependent magnetic
field since the QGP medium is an electrically conducting
medium.
By considering the magnetic field response of the
QGP medium, we do a systematically study of the charge
separation, and compare it with the experimental results
for the background-subtracted correlator H from RHIC
BES to LHC energies. The results show that there exists
clear non-zero chiral magnetic effect signal from RHIC
BES to top RHIC energy, and there is almost no chiral
magnetic signal in the LHC energy.
And then, we also systematically study the chiral
electromagnetic current from RHIC beam energy scan to
LHC energies in the article. The dependence of the time-
integrated current signal on the center-of-mass energy√
s is given. We find that the time-integrated current
signal reaches the maximum in the area of
√
s≈ 30 GeV,
then decreases with the increase of
√
s. The qualitative
trends of induced electromagnetic current with collision
energies are in agreement with from CME experimental
results of from STAR BES to LHC energies [23] for a
wide range of beam energy. It is found that the electro-
magnetic current at the LHC energy is so small that it
is difficult to produce CME. The main reason for such
a small electromagnetic current is due to the sharp de-
crease of the magnetic field with time in the LHC energy
region. Such an observation is important for compre-
hending why the recent CMS measurements [38] at LHC√
s=5020 GeV sees no CME signal.
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